32
ﬁé‘b ;’; %H @t&J T b (D

/IR JNMENTSCIENCE
PAik: http://www.aes.org.cn

JEHERRAE F T AN Cdis Je BB R RUR
YRR, ARG ZE, BT, AR, P BE, AR

SIHASL:
LR, X 7, o, KRN, FMNEIR, AR, AR RRAE N AP ok Cdis Y 3B R AR ] Al AR 4], 2023,
42(1): 55-64.

TELR R BE View online: https:/doi.org/10.11654/jaes.2022-0385

FETT BRI HAB S

Articles you may be interested in

ANRIFPSEA: Wy sreont -+ 18 4 R SR IR 28404 B 5 e
T, FEON, KA, AN, B R
LMV IABTRL 2447, 2018, 37(5): 892-898  hitps://doi.org/10.11654/jaes.2017-1388

HE RN 1 S IR 2 PP YRR B R RN

EE, B, XIBESL, RAUK, 2/, 33T, BK, XES
P R FR 244 2020, 39(10): 2205-2216  https://doi.org/10.11654/aes.2020-0740

FEse b sty K ES B E A5 g B Cd. ZnEAS LR 2 M
ZEhik, 24, AR, B R
N IR 2447 2018, 37(9): 1856-1865  hitps://doi.org/10.11654/jaes.2018-0167

RS BT Y L S I R AT 25 S

TERBE THEE, 855, XIEE, M, AR
MV FREERLE24R. 2018, 37(6): 1132-1140  https://doi.org/10.11654/jaes.2017-1501

AW B EAAE XU . Cdis g R A Bl A B

WA, WRIEHH, M RRE, TRAENE, B, AR, HIh R, B AR
LV FREE R4 2018, 37(8): 1683-1689  htips:/doi.org/10.11654/jaes.2018-0233

KHEMIR AT, R Z B


http://www.aes.org.cn/nyhjkxxb/ch/index.aspx
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2022-0385
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2017-1388
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2020-0740
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2018-0167
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2017-1501
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2018-0233

2023,42(1):55-64 R W ®E M FE F R 20234F1 H

® Journal of Agro-Environment Science @&

hERIR, WL, Bha i, A5 SRR AE R At Cd i B R IB SRR A BRI A2 2740, 2023, 42(1) : 55-64.
MA X B, ZHAO Z J, HAN L W, et al. Remediation effects of biochar on cadmium—contaminated soils with humic acid[J]. Journal of Agro—
Environment Science, 2023, 42(1) : 55-64.

BHEBERTEWRN CITHRITENEERR

'%;;ﬂ%gm,zt’ ﬁ}%gl*’ é%%gizﬁA’ 5‘:]3?@42'3’4, 3,]‘,].\2,3,4’ __E_é%éiLS,zt

(1 ERRERE KRR SAR LI F SEREEUIFEAT, IR A SR S5 A SRR R AR E, WA 610041; 2. 2 KA RIRET 2
B, 22M 730030; 3. PR IAEE R M H BB S S0 E, 22N 7300305 4. HoR 8 BREE TS YL i Sl 8 S STIe a2 730000)

& BN T BRIk e B A RS Y R T B, B RS RIS N (0.1% 1 1% , m/m) BB FE TR
[SH AR (HA) V& HLER (FA) 15 R A= 9 [ FOKRFEFEAE 4 ¢ (CBC) (Fa7224E Mk (RBC)1E Bt b B R ¥4 e - 3 vh CATE S 71k, IF
PR RS IR VE T AE Wi e s Cd 122 AL . 25 SR 3 I A MR 35 T ZE W ekt - 4vh Cd e R R . SR Ak Bl
AL, 1% HA F1 1% FAFEFTS B9 CBC AT L3 rp i 45 Cd o5 He Tk 1 145.89% 1 117.96% , RBC AT R i# 25 Cd i FbTH i T 124.04%
H1159.58% . 1% JE5 A BR VS N2 A B S5 B AIG 17 1398 pHL 48 8 T L3 PHE Fac it (CEC) L L HEA AL (SOM) g Rk & /. /=
Wi BT HAT FE N AR 5 E ek, KT E S # g | KA R UIE MBS T M B ER S S A ESEE T 45
KF 1% FAFIRBC E FCA NS Cd 5 4 + e B RO e AF , AT 5 4L 180 CEC .SOM FME R0 & it BT+ T 24.56% .27.14% Fil
34.81%, 3 HF B4 )8 CATBIEE P& T 65.85%.

KR HAEEIT Y Cd AR IR 15 2 4R

RESES:XS3  XEEE:A XEHS:1672-2043(2023)01-0055-10  doi:10.11654/jaes.2022-0385

Remediation effects of biochar on cadmium—contaminated soils with humic acid

MA Xiangbang™*, ZHAO Zhuanjun"", HAN Liangwei**!, ZHENG Xu***, SUN Guohuai***, YUE Haoyu>**

(1. Key Laboratory of Mountain Epigenetic Processes and Ecological Regulation, Institute of Mountain Hazards and Environment, Chinese
Academy of Sciences, Ministry of Water Resources, Chengdu 610041, China; 2. College of Earth and Environmental Sciences, Lanzhou
University, Lanzhou 730030, China; 3. Key Laboratory of Western China’ s Environmental Systems, Lanzhou 730030, China; 4. Key
Laboratory for Environmental Pollution Prediction and Control, Gansu Province, Lanzhou 730000, China)

Abstract: To investigate the effects of humic acid on biochar remediation of heavy metal-contaminated soils and the morphological
changes of Cd in contaminated soils, two different humic acid[huminic acid (HA) and fulvic acid(FA)](0.1% and 1%, m/m) and two kinds
of biochar[corn straw biochar (CBC) and rice husk biochar (RBC)] were evaluated via soil culture experiments. Twelve kinds of soil
amendments were prepared in soil culture experiments to reveal the differences and mechanisms of biochar stabilization of Cd under
different humic acids. The results of the present study were as follow: Humic acid enhanced the stabilization of Cd in soil by biochar.
Compared with the untreated group, the percentage of residual Cd in the soil increased by 145.89% and 117.96% with CBC under the
action of HA (1%) and FA (1%) and 124.04% and 159.58% with RBC under the action of HA (1%) and FA (1%), respectively. High

humic acid addition(1%) significantly reduced soil pH and increased the cation exchange capacity (CEC), soil organic matter(SOM ), and
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available phosphorus content of the soil. The surface of biochar was rich in oxygen—containing functional groups and abundant aromatic

carbon, which can bind heavy metal ions through complexation, surface precipitation, and cation—1—bond interactions. In summary, the

combination of 1% FA and RBC have the best remediation effect on Cd-contaminated soils. The co—application of FA and RBC increase

the CEC, SOM, and available phosphorus content of the contaminated soil by 24.56%, 27.14%, and 34.81%, respectively and decrease the

Cd migration index by 65.85%.

Keywords : heavy metal pollution; cadmium; biochar; humic acid; remediation effect
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Table 1 Physico—chemical properties of the tested soils

p = AHUR P Tt BCdal
P Electrical conductance/(uS+-cm™)  Soil organic matter/(g-kg™") Cation exchange capacity/(cmol+kg™")  Total Cd content/(mg-kg™)
8.21+0.05 172.9+16.3 7.57+1.46 3.55+0.32 31.12+1.22
R2 ZHRHBBUNTESHT
Table 2 Analysis of organic elements in experimental materials
JCE JFit 5 H Elemental mass ratio/% JEF-H Atomic ratio
KL Sample
C H 0] N S C/H 0/C
B8R HA 56.01 3.17 39.17 1.07 0.58 1.47 0.52
R FA 38.32 5.25 46.56 5.89 3.98 0.61 091
FRFEFF A5 CBC 65.68 2.09 30.97 1.19 0.07 2.62 0.35
TE7e LW RBC 34.70 0.75 63.98 0.44 0.14 3.86 1.38
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Figure 1 Effects of different materials on soil pH
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Figure 7 FTIR images of biochar before and after incubation in
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HI4E A o
2.3.2 FA W RBC #1 RT3 G2 8 Fh 55 32 00 5 19
XPS 53 Hr

RBC (1Y C1s Fl1 O1s K 4 3% & i s, FL R 10 E fig
A feis e L geh B R i e B A T b (& 8) .
un & 8C il &l 8D fIf 71k , 284.6, 285.5, 286.7 , 288.3
293.4 eV 1 284.6,285.1,286.9 ,289.5,293.8 eV 4t
F) W6 43 531 6 1 1% 3% BT 5 RBC Y C—=C/C—C.C—O0,
C=0.0—C=0 M mw—m*F£ [ . & 8E FE 8F i/~ K
RBC F2E /I J7 Ols AU AE 40 K135 , Hovh 531.4 5333,
534.1 eV F1531.6.533.1.534.5 eV £ A4 X 1 C=0 .
0—C—0/—0H ,0—C=—0/C—0 FEHE 25 1 5
FTIR 3RAF 45 - —5 . R4t 60 d 585557, RBC
1289.5 eV X I [ O—C—0 U =5 Fl 22 06 T Y 16 , i
293.8 eV XJ o 14 ar—r Jk [T 068 w5 R 24 0 B D /)N | X i
AH -4 b ) S A R A TR L B R e i LA
H m-mwr A D X — i B AT BE S I TR A R
TR AEY e g A1

Zi F AT LE H RBC A HREA F 5, 28N
C=—0.0—C=0/—0H.0—C=0/C—O0 [, FAK
Bt RBC £ -1 48 rp 1% 5% I o3 1 56 A kAR W 3584k
RBC AR FE B A & s 38, 76 1 378.0 em™ Zb H 3L
B . FAVEF T RBC SRR LI A 2 b A
FIFHYESE LA,

25 E TR FE S R R R I T A ) g

HifaE EA)E Cd, 1% FA Z i RBC i Cd TR 45
B FET 65.85%. FERFFEBRAERT , A=Y B Cd
15 Y Rk AR b SOM A R0 % & A CEC T, 2
PET CAdfOFaE s FA & it RBC 7 3 55 3% )5 , RBC
TR IL T e A& =34 n, 4 R F RBC R E 4 @ 1
ity I, BEHIRR (1% FA) &0 RBC X5 4 + 1 rh
Cd A BAF B 280k

3 #ig

(1) ERFEFFAE W 5 (CBC) FFF 5244 51 (RBC)
T Z AR 4 rp ] BEAIR Cd IR RS RE Oy, 3R e LR E
PE. BB (HA) AU LR (FA) 5 2B W) e &2 e vl 4
F AR X Cd FRE RE T, (AAHEE T CBC,FA fiTHA
5 RBCEZBCX -4 Cd R E R B 4T . 1% FA I
RBC & FLEs it 3 v Cd i e e SR e .

) TESFHEBAER T, AR ar DL 2 s
15 Y AR B, A E Cd 76 3 b i R e 1k .
o FA S LA W o o ) AT A 3558 oo 3 v A 2ol
T PH B s i, B AR 38 pHL, HA 5 2B 90k &2 e
WXF A 9 A HLTE B AT BB AR THE R

(3)RBC HA 5 4 C 45 F Fl = & 19 & AU e
FA 5 RBC & BeA/E I RBC R R I 1 e A3 fn , &
FIFH5 4.

Sk

[1]LIU L, LI W, SONG W, et al. Remediation techniques for heavy metal—-
contaminated soils: Principles and applicability[J]. Science of the Total
Environment, 2018, 633:206-219.

(2] AT N, b, DA, S SR ZenT it e FH b 2 2% 4 9 o 4 e 7
PEA KRS HT(I]. FRBEAE%, 2021, 40(9) :2658-2666. REN J G,
WANG Y, SHI H D, et al. Evaluation and source analysis of heavy met-
al pollution of surface soil in agricultural land of the Le’an River basin
[J]. Environmental Chemistry, 2021, 40(9) :2658-2666.

[3] EBAE, #5308, RENE, & HAJR TS Y R IE I T . s
SR A& 4, 2021, 40(8) :2277-2288. WANG H B,
GOU W X, WU Y Q, et al. Progress in remediation technologies of
heavy metals contaminated soil : Principles and technologies|[J]. Chinese
Journal of Ecology, 2021, 40(8) :2277-2288.

[4] LEE S H, KIM E Y, PARK H, et al. In situ stabilization of arsenic and
metal—contaminated agricultural soils using industrial by—products[J].
Geoderma, 2011, 161(1/2) :1-7.

[5]ZHU Q, WU J, WANG L, et al. Effect of biochar on heavy metal specia-
tion in paddy soil[J]. Water, Air, and Soil Pollution, 2015, 226(12) : 1-
10.

[6] UCHIMIYA M, CHANG S, KLASSON K T. Screening biochars for

heavy metal retention in soil : Role of oxygen functional groups[J]. Jour-

WWW.Qes.019.CN




nes 62 VRE SRRy FREE1H

(A)RBC 4% (B)RBC-FA 4
E E
= =
= =
z z
g g
= =
b bt

1200 1000 800 600 400 200 0 1200 1000 800 600 400 200 0

2545 BE Binding energy/eV 254 HE Binding energy/eV
(C)RBC Cls (D)RBC-FA Cls
— (=C/C—C — C—0
_|— o0 _ | — ¢=C/ic—C
5| —— 0—C=0 5| —— 0—C=0
S| — m-m* S| — m-m*
B =0 B =0
| — ;I’Ellﬁi%gf Background % 52k Background
£ — B IEL Envelope 2| — BAIGL Envelope
il ol
= =
295 290 285 295 290 285
25418 Binding energy/eV 25418 Binding energy/eV
(E)RBC Ols 0—C—0/—OH (F)RBC-FA Ols — 0—C=0/—0H
— =0 —_ O:CfO/C*O
= —— 0—C=0/C—0 = — 0
< — ¥ 5t4k Background 3 — i%ﬁ Background
E\ I TEL Envelope g A IEZE Envelope
z z
O <
E |
i i
= 2
535 530 535 530
2545 BE Binding energy/eV 2545 18 Binding energy/eV
8 FEITRITMAEFAENEDRXPS AR
Figure 8 XPS images of biochar before and after incubation in contaminated soils
nal of Hazardous Materials, 2011, 190(1/2/3) :432-441. [10] AgPa], ZREL 4, BREEIM, 55 . FAAFAE W pex A F -4 CAR S HE AL AN
[7] BASHIR S, SHAABAN M, HUSSAIN Q, et al. Influence of organic and A W RETE B 52 D). AR S I B A 4, 2022, 31(2) ¢ 380-390.
inorganic passivators on Cd and Pb stabilization and microbial biomass MEI C, CATI K Z, LI Z S, et al. Effects of rice —straw biochar on the
in a contaminated paddy soil[]J]. Journal of Soils and Sediments, 2018, transformation of cadmium fractions and microbial community in pad-
18(9) :2948-2959. dy soils[J]. Ecology and Environmental Sciences, 2022, 31(2) : 380—
(8] EA. KSR, KRARW, 55 . A=Wy et i X L He o 4 A 8ot OB & 390.
ML) AL T BEE, 2019, 38(6) :2977-2985.  WANG Z, MIZ S, [11] TENG F, ZHANG Y, WANG D, et al. Iron-modified rice husk hydro-
ZHENG C L, et al. Effect of biochar on the bioavailability and transfor- char and its immobilization effect for Pb and Sb in contaminated soil
mation of heavy metals in soils of mining areas[J]. Chemical Industry [J]. Journal of Hazardous Materials, 2020, 398 :122977.
and Engineering Progress, 2019, 38(6) :2977-2985. [12] WANG Y, LIU Y, ZHAN W, et al. Stabilization of heavy metal-con-
(9] #RZEMN, WAL, M oR1E, 55 . AR st L8 RES T4 Ja /R AL taminated soils by biochar: Challenges and recommendations|J]. Sci-
il D). BRBE T AR, 2021, 39(8) :165-172,226. XU M L, CHEN ence of the Total Environment, 2020, 729 : 139060.
Y G, XIAO R B, et al. Progress in influential mechanisms of biochar on [13] XTIAO J, HU R, CHEN G, et al. Facile synthesis of multifunctional
available heavy metals in soil[]]. Environmental Engineering, 2021, 39 bone biochar composites decorated with Fe/Mn oxide micro—nanopar-
(8):165-172, 226. ticles: Physicochemical properties, heavy metals sorption behavior

1% WHART]



LHFRIR 2 < AR FI R A=) 5 Cd 175 9 B S OR 63

and mechanism(]]. Journal of Hazardous Materials, 2020, 399:123067.

[14] XIAO R, WANG P, MI S, et al. Effects of crop straw and its derived
biochar on the mobility and bioavailability in Cd and Zn in two smelt-
er—contaminated alkaline soils[J]. Ecotoxicology and Environmental
Safety, 2019, 181:155-163.

[15] ZHANG H, SHAO J, ZHANG S, et al. Effect of phosphorus—modified
biochars on immobilization of Cu( I ), Cd( Il ), and As( V) in paddy
soil[J]. Journal of Hazardous Materials, 2020, 390:121349.

[16] #lk, BWRoChE, sKkFE e, 45 . 525 TR FIXG 3E A Wy He R ER R G 175 s 1
Ry AE R HCR T )] AL FRET R} 22 2 4, 2022, 41(8) £ 1709~
1719. YANG Y, CHEN Y H, ZHANG C Y, et al. Remediation effect
of compound bacteria and chicken manure-derived biochar in nicke-
land cadmium—contaminated soil[J]. Journal of Agro—Environment Sci-
ence, 2022, 41(8):1709-1719.

[WTVAEW, FIZ00E, TLARLL, 55 68 AT Al A ) 5ext i e -3 rh ik
RS E PLRIOR R/ 1 SR AR B SZ AT, Al BRI R 27244, 2021,
40(10):2141-2149. REN X B, BAIH J, WEI Y H, et al. Effects of
photosynthetic bacteria and biochar on chromium stabilization in pol-
luted soil and the growth of pakchoil]]. Journal of Agro—Environment
Science, 2021, 40(10) :2141-2149.

(18] #F AR, AL, BXEE, 55 . 2R W o 5 T A W 52 IR0 6 i 3 (Brassica
campestris L) " K 55 BB )] S 42), 2019, 28
(12):2425-2432. GUO J K, REN Q, ZHAO J, et al. Effects of bio-
char and humic acid on growth and cadmium accumulation in rape[J].
Ecology and Environmental Sciences, 2019, 28(12) :2425-2432.

[19] BURLAKOVS J, KLAVINS M, OSINSKA L, et al. The impact of hu-
mic substances as remediation agents to the speciation forms of met-
als in soil[J]. APCBEE Procedia, 2013, 5:192-196.

[20] ISLAM M A, MORTON D W, JOHNSON B B, et al. Adsorption of hu-
mic and fulvic acids onto a range of adsorbents in aqueous systems,
and their effect on the adsorption of other species : A review[]]. Separa-
tion and Purification Technology, 2020, 247 :116949.

[21] DONG Y, ZHAO Y, LIN H, et al. Effect of physical and chemical
properties of vanadium slag from stone coal on the form of vanadium
[J1. Environmental Science and Pollution Research International,
2019, 26(32):33004-33013.

[22] HE P, YU Q, ZHANG H, et al. Removal of copper ( Il ) by biochar
mediated by dissolved organic matter[]]. Scientific Reports, 2017, 7
(1):7091.

[23] LIU Q, LI X, TANG J, et al. Characterization of goethite—fulvic acid
composites and their impact on the immobility of Ph/Cd in soil[J]. Che-
mosphere, 2019, 222:556-563.

[24] PEREZ-ESTEBAN J, ESCOLASTICO C, SANCHIS 1, et al. Effects of
pH conditions and application rates of commercial humic substances
on Cu and Zn mobility in anthropogenic mine soils[J]. Sustainability,
2019, 11(18):4844.

(25] 2 H, W5 1, RSB, 45 L T ARG L S AR B IR IR 285 B A
P AT 25 Pk S WA (D). T B ER SR RS, 2020, 40(3) 11911202
LUO M, BAI H C, CHEN T Y, et al. Effects of humic acids on the ad-
sorption, chemical speciation, and bioaccessibility of soil lead and

cadmium[J]. China Environmental Science, 2020, 40(3):1191-1202.

[26] AT, 2%, ik, 5 | T AR A I A A o A R AL AL
FEBEFEIC]. A3 HE - 2018 Hp [E BRI FL 24 2 2 B 2 HOR R 251 SR
(%5=%:),2018. WUSZ, LIR,PENGSY, et al. Study on the pas-
sivation pattern of heavy metals in the active state of soil promoted by
humic acid[C]. Hefei: Proceedings of 2018 CEST Annual Conference
(Part 1), 2018.

[27] 9N, PN IR, BT, 55 L BFoE AW B Cd-As S5 15 s I fE
SRON B L HE AT AT AL B R R )], A IR R R
2021, 40(8) : 1675-1685. SUN T, SUN Y B, JIA H T, et al. Effects
of crayfish shell biochar on remediation of Cd—As contaminated soil
and soil dissolved organic carbon|J]. Journal of Agro—Environment Sci-
ence, 2021, 40(8) :1675-1685.

[28] EHEEEE, G RUER, A0 . A A LS BH Sc 4 it (4 A 2 5 vk
FEAE(]. TR AR MR, 2019, 60(2):21-22. MA H Q, JIN F X, LI
J. A comparison study on two methods for cation exchange capacity
determination in calcareous soils[J]. Journal of Ningxia Agriculture
and Forestry Science and Technology, 2019, 60(2) :21-22.

[20] B4, KL7R, PEAH, 55 . SRS RN SN HGLFO ASTIE I - AT HL 5T
FESGHERFFEI. WHLAO R, 2020, 59(15) :122-125.  HUANG
X, DU L, HONG ], et al. Study on the correlation between potassium
dichromate external heating method and ASI for soil organic matter
determination[J]. Hubei Agricultural Sciences, 2020, 59 (15) : 122-
125.

[30] 52N, BXAEZE, ShFRFT, 45 ARAL KR O™~ AR S G BEREX AR
15 AR E AL R AL2E, 2022, 41(8) : 1-10. L1 J, ZHAO
Z J, MA X B, et al. Study on stabilization of soil contaminated with
cadmium and lead by optimization of carbon and iron composites|J].
Environmental Chemistry, 2022, 41(8) : 1-10.

[31] XU M, ZHAO Z, SONG Y, et al. Evaluation of ferrihydrite=humic ac-
id coprecipitate as amendment to remediate a Cd— and Pb—contami-
nated soil[J]. Geoderma, 2020, 361:114131.

[32] FONTI V, BEOLCHINI F, ROCCHETTI L, et al. Bioremediation of
contaminated marine sediments can enhance metal mobility due to
changes of bacterial diversity[]J]. Water Research, 2015, 68:637-650.

[33] PENG W, LI X, LIN M, et al. Microbiological analysis of cadmium—
contaminated sediments during biostabilization with indigenous sul-
fate-reducing bacteria|J]. Journal of Soils and Sediments, 2019, 20
(1):584-593.

[34] FFEAE . AN [F) 2H 43 A 1R %ok - 398 7K 4332 Bl R REAR P S5 (%) 52 W D).
V22 P22 TR, 2021, WANG Z X. Effects of differeeffects of
different components of humic acid on soil water movement with phys-
ical and chemical properties|D]. Xi’an:Xi’an University of Technolo-
gy, 2021.

[35] BRELES, FLBER, 4%, 45 . B FH A= Py s X AL 1 It B R o
P 25— 2 4t FRUMURL AT HLBT &5 52 A 1. 0 AR 25273k, 2011,
22(11):2930-2934. CHEN H X, DU Z L, GUO W, et al. Effects of
biochar amendment on cropland soil bulk density, cation exchange ca-
pacity, and particulate organic matter content in the North China Plain
[J]. Chinese Journal of Applied Ecology, 2011, 22(11) :2930-2934.

[36] B, 235, ARIRHE, 55 . FEAF AR BUsoxd 30 e bel 1375 T L F
BT s AR AT RSEm ] T ER LA, 2014, 47(2)

WWW.Qes.019.CN




nEs-*

VRERR Rt Y F4EF 1 H

366-373. GESF,PENG L, REN Y H, et al. Effect of straw and bio-
char on soil bulk density, cation exchange capacity and nitrogen ab-
sorption in apple orchard soil[J]. Scientia Agricultura Sinica, 2014, 47
(2):366-373.

[37] BOLAN N, KUNHIKRISHNAN A, THANGARAJAN R, et al. Reme-
diation of heavy metal (loid)s contaminated soils: To mobilize or to im-
mobilize?[J]. Journal of Hazardous Materials, 2014, 266: 141-166.

[38] Bl 5. AKCE . MR IR . LT RGP i 4 s AR A A
P 1 52 WAL (D] PR 3E 75 G 3E PEOR 5 B A, 2003 (8) 1 1-7.
CHEN S B, ZHU Y G, YANG J C. Mechanism of the effect of phos-
phorus on bioavailability of heavy metals in soil plant systems|[J].
Techniques and Equipment for Environmental Pollution Control, 2003
(8):1-7.

[39] XUFHPE, XIFE, 248 L3 6w 1% SR PO L etk ). BUR
15T, 2015, 29(2) :390-396.  LIU D D, LIU F, MIAO D R. Optimi-
zation of soil heavy metal sequential extraction procedures|J]. Geosci-
ence, 2015, 29(2) :390-396.

[40] V7 2 R0, AATFFT, X 27, S5 il A= 9 ¢ 6 45 J5 X0 A HH L3 s
PR AR S 52 ). A 224 4R, 2019, 30(4) - 1110-1118. XU
Y X, HE L L, LIU Y X, et al. Effects of biochar addition on enzyme
activity and fertility in paddy soil after six years[J]. Chinese Journal of
Applied Ecology, 2019,30(4):1110-1118.

[41] 53, SGERE, T & 057, 5 . AW R A IO L AR A AR A AL
PRI Wy 1 TR R (], FREAE 2, 2019, 38(11) : 2526-2534.
ZHANG D, WU X X, DING A F, et al. Effects of hydrated lime and
biochar on the bioavailability of Cd and Pb and microbial activity in a
contaminated soil[J]. Environmental Chemistry, 2019, 38(11) : 2526—
2534.

[42] ONDRASEK G, BAKIC BEGIC H, ZOVKO M, et al. Biogeochemistry
of soil organic matter in agroecosystems & environmental implications
[J]. Science of the Total Environment, 2019, 658:1559-1573.

[43] IMEEDT, B4KIE, AT . TR RN AR BT 200 13 Ak 3
W PR 530 D). L 3. 2011, 42(4) :1003-1009.  SUN G F,
JIN J Y, SHI'Y L. Advances in the effect of humic acid and modified
lignin on availability to crops[J]. Chinese Journal of Soil Science,
2011, 42(4) :1003-1009.

[44] BRI, BXPCIRL, BRI, 55 0 B R 0 B S0 4D A 15 e 1
- HER LAV FRBEAL, 2018, 37(6) :1327-1336.  ZHONG
7 Y, ZHAO Q Y, CHEN C, et al. Passivation of simulated lead con-
taminated farmland soil using humic acid and phosphate[]]. Environ-
mental Chemistry, 2018, 37(6):1327-1336.

[45] BEESLEY L, MORENO-JIMENEZ E, GOMEZ-EYLES J L, et al. A
review of biochars’ potential role in the remediation, revegetation and
restoration of contaminated soils[J]. Environmental Pollution, 2011,
159(12):3269-3282.

[46] MA L, XU R, JIANG J. Adsorption and desorption of Cu ( Il ) and
Pb( I ) in paddy soils cultivated for various years in the subtropical
China[J]. Journal of Environmental Sciences, 2010, 22(5) : 689-695.

[47] e, WRATHI . AR BT 5 (4 P T3 Xk 1 S B S R 52 i 14 4
R LEASFRESE 4], 2011, 20(4) :779-785.  YUAN J H, XU

R K. Progress of the research on the properties of biochars and their

1% WHART]

influence on soil environmental functions[J]. Ecology and Environmen-
tal Sciences, 2011, 20(4) : 779-785.

[48] ZHANG A, LI X, XING J, et al. Adsorption of potentially toxic ele-
ments in water by modified biochar: A review[J]. Journal of Environ-
mental Chemical Engineering, 2020, 8(4) : 104196.

[49] XIAO X, CHEN B, CHEN Z, et al. Insight into multiple and multilev-
el structures of biochars and their potential environmental applica-
tions: A critical review|J]. Environmental Science and Technology,
2018, 52(9) : 5027-5047.

[50] LI S, WANG M, ZHAO Z, et al. Adsorption and desorption of Cd by
soil amendment: Mechanisms and environmental implications in
field—soil remediation[J]. Sustainability, 2018, 10(7) :2337.

[51] WU J, WANG T, WANG J, et al. A novel modified method for the effi-
cient removal of Pb and Cd from wastewater by biochar: Enhanced the
ion exchange and precipitation capacity[J]. Science of the Total Envi-
ronment, 2021, 754:142150.

[52] XV =, R B, 342, 46 =R HLARHR RO 5T R Xt 3
Cd B 25 57K F8 Cd 35 B 152 i [J). A0l FR LR 7274, 2019, 38
(8):1844-1854. LIU G Y, BAI H C, YE B Y, et al. Composition
and properties of three organic materials and their effects on soil Cd
speciation and Cd content in rice[]]. Journal of Agro—Environment Sci-
ence, 2019, 38(8) : 1844-1854.

[53] HUANG H, GUO T, WANG K, et al. Efficient activation of persulfate
by a magnetic recyclable rape straw biochar catalyst for the degrada-
tion of tetracycline hydrochloride in water{J]. Science of the Total Envi-
ronment, 2021, 758:143957.

[54] ABBAS Q, LIU G, YOUSAF B, et al. Contrasting effects of operating
conditions and biomass particle size on bulk characteristics and sur-
face chemistry of rice husk derived—biochars[J]. Journal of Analytical
and Applied Pyrolysis, 2018, 134:281-292.

[SS]LU Y, XIE Q, TANG L, et al. The reduction of nitrobenzene by extra-
cellular electron transfer facilitated by Fe—bearing biochar derived
from sewage sludge[l]. Journal of Hazardous Materials, 2021, 403
123682.

[56] GUO Z, BAI G, HUANG B, et al. Preparation and application of a
novel biochar—supported red mud catalyst: Active sites and catalytic
mechanisml[J]. Journal of Hazardous Materials, 2021, 408 :124802.

[57] SONG Y, ZHAO Z, L1 J, et al. Preparation of silicon—doped ferrihy-
drite for adsorption of lead and cadmium: Property and mechanism|[J].
Chinese Chemical Letters, 2021, 32(10) :3169-3174.

[58] ZHANG K, SUN P, FAYE M C A S, et al. Characterization of biochar
derived from rice husks and its potential in chlorobenzene degradation
[JI. Carbon, 2018, 130:730-740.

[59] ZHANG K, SUN P, KHAN A, et al. Photochemistry of biochar during
ageing process: Reactive oxygen species generation and benzoic acid
degradation[]]. Science of the Total Environment, 2021, 765 : 144630.

[60] GAO R, HU H, FU Q, et al. Remediation of Pb, Cd, and Cu contami-
nated soil by co—pyrolysis biochar derived from rape straw and ortho-
phosphate : Speciation transformation, risk evaluation and mechanism
inquiry[J]. Science of the Total Environment, 2020, 730:139119.

(BTG4 )



